Background. Circulating monocytes play a critical role in the pathogenesis of atherosclerosis. Monocyte homing to sites of atherosclerosis is primarily initiated by selectin. Thus, blockade of the interaction of selectins and their ligands holds a significant role in monocyte homing which might be a potential approach to treat atherosclerosis. Here, we investigated the efficacy of a novel peptide analogue of selectin ligands IELLQAR in atherosclerosis. Methods and Results. In this study, we firstly measured the effect of the IELLQAR selectin-binding peptide on the inhibition of binding of selectins to monocytes by flow cytometry, which exhibited a dose-dependent inhibitory effect on the binding of the P-, E-, and L-selectins to monocytes, especially the inhibition of P-selectin binding to human peripheral blood monocytes (PBMCs) (half maximal inhibitory concentration (IC 50~5 μM)) and THP-1 cells (IC 50~1 0 μM). Furthermore, IELLQAR inhibited P-selectin-induced activation of CD11b on the surface of monocytes and decreased adhesion of monocytes to the endothelium. ApoE -/-mice with or without IELLQAR (1 or 3 mg/kg) fed a Western-type diet (WTD) or which had disturbed blood flow-induced shear stress underwent partial left carotid artery ligation (PLCA) to induce atherosclerosis. In the WTD-and PLCA-induced atherosclerosis models, atherosclerotic plaque formation and monocyte/macrophage infiltration of the arterial wall both decreased in ApoE -/-mice treated with the IELLQAR peptide. Our results also revealed that IELLQAR inhibited the differentiation of monocytes into macrophages through P-selectin-dependent activation of the nuclear factor-(NF-) κB and mammalian target of rapamycin (mTOR) pathways. Conclusion. Collectively, our results demonstrated that IELLQAR, a peptide analogue of selectin ligands, inhibited selectin binding to monocytes, which led to subsequent attenuation of atherosclerosis via inhibition of monocyte activation. Hence, use of the IELLQAR peptide provides a new approach and represents a promising candidate for the treatment of atherosclerosis in the early stage of disease.
Introduction
Cardiovascular diseases are currently the major causes of mortality worldwide, with atherosclerosis being the most dominant underlying pathology [1] . Circulating monocytes, which play a critical role in the pathogenesis of atherosclerosis, adhere to the endothelium and infiltrate the subendothelial space where they differentiate into macrophages, then take up lipids and develop into foam cells [2] [3] [4] . During inflammation, monocyte recruitment involves tethering, rolling, arrest, adhesion, and transmigration. In this multistep cascade, selectins bind with glycosylated ligands to mediate the initial "rolling" step. Furthermore, the engagement of selectins and P-selectin glycoprotein ligand-1 (PSGL-1) permits further arrest and crawling by the activation of the β2 integrin [5] . Significantly, PSGL-1 ligation of monocytes also activates the intracellular Akt/mammalian target of rapamycin (mTOR) pathway, which mediates cell chemotaxis and phagocytosis [6] , and the NF-κB pathway, which controls the production levels of proinflammatory cytokines [7] .
Selectins are Ca 2+ -dependent lectins, consisting of three subfamily members (P-, E-, and L-selectins) that all contain an N-terminal C-type domain. Structurally diverse glycoprotein ligands bind to selectins with high affinity. The most well-characterized ligand is PSGL-1, which is a core 2 decorated O-glycan expressed on the surfaces of lymphoid and myeloid cells. The tetrasaccharide sialyl Lewis X (sLeX; NeuAcα2-3Galβ1-4 [Fucα1-3] GlcNAc) motif is present as a terminal epitope on a significant proportion of O-glycans that is essential for the binding of selectins [8] . Hence, the P-selectin/PSGL-1 interaction presents a promising target for the treatment of inflammatory diseases [9] [10] [11] . To date, several small molecular inhibitors designed through modifications of sLeX, the terminal motif of PSGL-1, have been developed for a wide range of therapeutic uses. For example, rivipansel (GMI-1070) is a glycomimetic pan-selectin antagonist that was shown to be effective against sickle cell disease in a phase II trial [9] , and bimosiamose (TBC1269) was successfully used as a pan-selectin antagonist for the treatment of chronic obstructive pulmonary disease [10] and asthma [12] .
IELLQAR, a selectin ligand mimicry peptide, was isolated and synthesized by screening a peptide harboring phage library using anti-Lewis antibody. This peptide inhibited the binding of the E-, P-, and L-selectins to the ligand sLeX [13] . IELLQAR has been showing considerable anticancer activities by inhibiting sialyl Lewis X-dependent B16 melanoma cell colonization of the lung in a mouse [14] . Besides its antitumor activity, IELLQAR has also possessed antiinflammatory activity. It has been shown that IELLQAR inhibited the early influx of leukocytes into rat heart allografts and inflammatory exudation in the mouse abdominal cavity [15, 16] . Thus, in this study, we demonstrate that IELLQAR can inhibit the binding of all 3 selectins to monocytes and decrease adhesion of monocytes to the endothelium, as well as the differentiation of monocytes. Importantly, IELLQAR effectively suppress the development of atherosclerosis in an ApoE -/-mouse model.
Materials and Methods

Study Approval.
The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Dalian Medical University (Dalian, China) (approval no. PJ-KS-KY-2017-98(X)) and conducted in accordance with the principles of the Declaration of Helsinki. The protocols of all mouse experiments were approved by the Institutional Animal Care and Use Committee of Dalian Medical University.
Reagents.
The selectin ligand mimicry peptide IELLQAR was a gift from Prof. Zhang and has been characterized previously [14] . For the cell culture study, IELLQAR was dissolved in 1 mM phosphate-buffered saline (PBS). For the animal study, IELLQAR was suspended in normal saline at a concentration of 1 mg/mL. 
Adhesion Assay under Static
Conditions. PBMCs and THP-1 cells were incubated with PBS alone, 10 μg/mL of P-selectin, or 10 μg/mL of P-selectin plus 10 μM IELLQAR for 2 h. At the end of the incubation period, the cells were harvested and prestained with 5 mM calcein-AM at 37°C for 30 min. HUVECs were activated by pretreating with 2 μg/mL of LPS for 6 h. After washing in PBS, fluorescent tag-labeled dendritic cells were added onto the HUVEC monolayer at a density of 1 × 10 6 cells/mL. Nonadherent monocytes were carefully removed by washing three times with PBS after 30 min. The adhesion of PBMCs or THP-1 cells to HUVECs was quantified by counting fluorescenttagged cells in random areas of four independent images per condition.
Adhesion Assay under Flow Conditions.
A flow adhesion assay was conducted in a parallel plate flow chamber (31-010; GlycoTech, Gaithersburg, MD, USA) as previously described [17] . In brief, dishes were coated with 10 μg/mL of P-selectin, 10 μg/mL of P-selectin plus 5 μg/mL of ICAM-1, or BSA as the control. PBMCs and THP-1 cells were preincubated with or without 10 μM IELLQAR at 37°C overnight. At the end of the incubation period, the cells were harvested and stained with 5 mM of calcein-AM and then perfused through a microfluidic flow chamber for 5 min. The flow of cells was initiated with a syringe pump connected to the outlet flow chamber at 2 dynes/cm 2 of shear stress. At each shear stress value, cell adhesion of at least four fields of view was calculated along the length of the chamber.
2.7. RNA Isolation and Real-Time PCR. Total RNA was extracted using the RNAiso Plus total RNA extraction reagent (Takara Bio Inc., Shiga, Japan), and complementary DNA was synthesized using a qRT-PCR kit (Takara Bio Inc.) according to the manufacturer's recommendations. The primer sequences for qRT-PCR are shown in Table 1 . Relative changes in mRNA expression were normalized to GAPDH and calculated using the 2 -ΔΔCT method.
2.8. Detection of Serum Cytokines and Lipids. Murine serum TNF-α, IL-6, IL-1β, and lipid profiles were measured using enzyme-linked immunosorbent assay kits and a cholesterol assay kit in accordance with the manufacturers' instructions.
2.9. Western Blot Analysis. Total protein concentration was measured using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology, Haimen, China). In brief, 30 μg of proteins was loaded into each lane of sodium dodecyl sulfate polyacrylamide gels, separated by electrophoresis, and then transferred to polyvinylidene fluoride membranes (Pall Corporation, Port Washington, NY, USA), which were incubated with primary Abs. Anti-rabbit or mouse horseradish peroxidase-linked Ab (ZSGB-BIO Technology Co. Ltd., Beijing, China) was used as the secondary Ab. Detection was performed using an enhanced chemiluminescence kit (Advansta Inc., Menlo Park, CA, USA). Densitometry of proteins was analyzed with Gel-Pro software (Media Cybernetics, Bethesda, MA, USA).
2.10. Animal Model. ApoE-deficient mice (B6.129P2-Apoetm1unc/J), aged 8 weeks, were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and randomized into one of three treatment groups (n = 15/group): normal saline (NS) as a control group and two IELLQAR treatment groups (1 and 3 mg/kg). For induction of atherosclerosis with a WTD, all mice were fed a high-fat diet (21% fat + 0 15% cholesterol) for 12 weeks, and agents were administered every 4 weeks for a total of 12 weeks. For the PLCA model, animals were segregated into four groups: sham and PLCA with NS or two doses of IELLQAR. PLCA surgery was performed as previously reported by others [18] . In brief, a ventral midline incision of about 1-2 cm in length was made to the neck of mice after sedation with 3% sodium pentobarbital. Three (left external carotid, internal carotid, and occipital artery) of four branches were ligated using a 10-0 silk suture, and the superior thyroid artery was not ligated to provide the sole source for blood circulation.
Mice were fed a normal chow diet and injected with the indicated agents every 2 weeks for a total of 4 weeks.
2.11. Histological Study. Aortic roots from mice were embedded in 10% buffered formalin, and 5 μm thick serial sections were prepared and then stained with hematoxylin and eosin (H&E) for analysis of the formed lesions. Masson's trichrome stain was used to delineate the collagen content, and the Movat stain was used to show the necrotic areas of the atherosclerotic lesions. Atherosclerotic lesions were stained with Oil red O and quantified by en face analysis of the whole aorta. 
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Figure 2: IELLQAR inhibits the adhesion of P-selectin to monocytes and HUVECs. (a, b) PBMCs and THP-1 cells were incubated with PBS, 10 μg/mL of P-selectin, 10 μM IELLQAR, or 10 μg/mL of P-selectin plus 10 μM IELLQAR for 2 h, respectively. Then, the samples were incubated with anti-human CD11b Ab followed by Alexa Fluor® 555-conjugated rabbit Ab and fluorescence microscopy scanning. Scale bar: 50 μm. (c, d) Calcein-AM-labeled PBMCs and THP-1 cells were treated with or without 10 μM IELLQAR for 2 h. Dishes of parallel plate flow chambers were coated with P-selectin, P-selectin plus ICAM-1, or BSA overnight. Then, the cells were perfused through a microfluidic flow chamber at 2 dynes/cm 2 shear stress for 5 min. Representative photographs of the adhesion of PBMCs and THP-1 cells. Scale bar: 100 μm. (e, f) Calcein-AM-labeled PBMCs and THP-1 cells were treated with PBS, P-selectin, or IELLQAR plus P-selectin for 2 h. HUVECs were activated or not by pretreating with 2 μg/mL of LPS for 6 h. Representative photographs of the adhesion of cells on HUVECs. Scale bar: 100 μm. Data are presented as the mean ± SEM (n = 3).
* p < 0 05, * * p < 0 01, and * * * p < 0 001.
2.12.
Immunostaining. PBMCs and THP-1 cells were incubated with PBS alone, 10 μg/mL of P-selectin, 10 μM IELLQAR, or 10 μg/mL of P-selectin plus 10 μM IELL-QAR for 2 h. Then, the samples were incubated with anti-human CD11b Ab (20 μg/mL) and an Alexa Fluor® 555-conjugated Ab (1 : 1000 dilution) at 37°C for 30 min. Slides of the aortic sinus sections were stained with antimouse Ly-6C Ab (5 μg/mL) and an Alexa Fluor 488-conjugated Ab (1 : 1000 dilution) at 37°C for 30 min. Control immunostaining was performed using the respective nonimmune IgG Abs. The relative fluorescence intensity was calculated using Image-Pro Plus 5.0 software (Media Cybernetics).
2.13. Statistical Analysis. Data from at least three independent experiments are presented as the mean ± standard error of the mean (SEM). Statistically significant differences were identified by one-way analysis of variance followed by the least significant difference multiple comparison tests using IBM SPSS Statistics for Windows, version 21.0 (IBM Corporation, Armonk, NY, USA), and a probability (p) value of <0.05 was considered statistically significant.
Results
IELLQAR Inhibited the Binding of Selectin to Monocytes.
The selectin ligand mimic IELLQAR has been previously shown to bind to E-, P-, and L-selectins and inhibit selectin-mediated adhesion in human leukemia-60 cells [13, 14] . Therefore, the influences of IELLQAR on inhibited selectin-mediated adhesion in monocytes were investigated in this study. (Figures 1(a)-1(c) ).
IELLQAR Inhibited the Adhesion of P-Selectin to
Monocytes and HUVECs. Selectins and their ligands mediate tethering and weak adhesion to leukocytes, while this binding activates the αMβ 2 integrin (CD11b), which can bind to various members of the ICAM family on endothelial cells to support leukocyte adhesion and transmigration [5] . The distribution of CD11b on the monocyte surface was assessed to investigate the effect of IELLQAR on the activation state of CD11b induced by the selectins. PBMCs and THP-1 cells were treated with P-selectin alone, IELLQAR alone, or coincubated with P-selectin plus IELLQAR for 2 h. The results indicated that nontreated monocytes or monocytes only exposed to IELLQAR showed weak staining with CD11b.
In contrast, P-selectin stimulation induced considerably brighter and larger patches of staining, whereas treatment with IELLQAR partially reversed the effect of P-selectin (Figures 2(a) and 2(b) ). We next investigated the rolling function of monocytes under static and flow conditions. PBMCs and THP-1 cells were incubated with IELLQAR or PBS for 2 h and then perfused through a microfluidic flow chamber at 2 dynes/cm 2 over glass substrates coated with BSA, P-selectin plus ICAM-1, or P-selectin for 5 min. The results showed that more cells adhered to P-selectin than the controls, while ICAM-1 supplementation caused a further increase in adhesion. IELLQAR treatment significantly reduced the adhesion of P-selectin and P-selectin plus ICAM-1, respectively (Figures 2(c) and 2(d) ). As shown in Figures 2(e) and 2(f), the number of P-selectin-treated monocytes was greater than control cells in attaching HUVECs regardless of LPS stimulation, whereas IELLQAR remarkably attenuated P-selectininduced adhesion.
IELLQAR Decreased WTD-Induced Atherosclerosis and
Proinflammatory Cytokine Production. To further explore the effect of IELLQAR on atherosclerosis, 8-week-old male ApoE -/-mice were randomized to one of three treatment groups (1 or 3 mg/kg of IELLQAR or normal saline). For WTD-induced atherosclerosis, all mice were fed a high-fat diet for 12 weeks. The results showed that there was no difference in the body weights or plasma lipid levels, including low-density lipoprotein (LDL), total cholesterol (TC), triglyceride (TG), and high-density lipoprotein (HDL), among these three groups ( Table 2) . As compared to treatment with the vehicle alone, 1 mg/kg of IELLQAR significantly decreased the atherosclerotic lesion area along the whole aorta (Oil red O-positive), and 3 mg/kg of IELLQAR almost diminished the lesion area (Figure 3(a) ). H&E, Movat, and Masson trichrome staining indicated that the groups treated with 1 and 3 mg/kg of IELLQAR exhibited smaller necrotic areas and more collagen content in the aortic sinus, as compared to the vehicle treatment group (Figure 3(b) ). The Serum was collected, and lipid fractions were quantified in each regimen. Data are expressed as the mean ± SEM (n = 8). HDL: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TC: total cholesterol; VLDL-C: very low-density lipoprotein cholesterol. 6 Mediators of Inflammation decreases in the plaque necrotic areas and increases in the collagen content may be associated with plaque stability. In addition, monocyte/macrophage infiltration in the lesions was lower in mice treated with IELLQAR than those treated with the vehicle only (Figure 4(a) ). The serum levels of proinflammatory cytokines (i.e., IL-1β, IL-6, and TNF-α) were decreased in mice treated with IELLQAR ( Figure 4(b) ).
IELLQAR Decreased PLCA-Induced Atherosclerosis and Impaired Ly-6C
high Monocyte Recruitment to the Arterial Walls. Recent studies suggest that disturbed blood flowinduced shear stress can induce atherosclerosis in humans and animals without a high-fat diet [18, 19] . Thus, a PLCA model of atherosclerosis was created. H&E-stained sections from the carotid artery were examined to understand the extent and distribution of plaque formation as a determination of atherosclerotic lesions. As shown in Figure 5 (a), at 4 weeks after PLCA surgery, no plaque formation was observed in the sham group, and IELLQAR significantly reduced the lesion area in the carotid artery as compared to treatment with the vehicle only.
In the PLCA model, P-selectin expressed by dysfunctional and regenerating endothelial cells and adherent platelets contributes to monocyte recruitment to the carotid arterial wall [18, 20] . First, the number of peripheral CD45 + CD11b + Ly-6C high monocytes was measured. Flow cytometry showed that inflammatory monocytes were downregulated after administration of IELLQAR, as compared with treatment with the vehicle only ( Figure 5(b) ). Also, treatment with the vehicle resulted in numerous accumulation of Ly-6C + monocytes in the carotid artery, while these cells were rarely observed in the carotid artery following IELLQAR treatment ( Figure 5(c) ). Moreover, the expression of the chemokine MCP-1 and its receptor CCR2, as well as the adhesion molecule ICAM-1, in the artery was significantly decreased by IELLQAR treatment ( Figure 5(d) ).
IELLQAR Inhibited Monocyte
Activation by P-SelectinDependent Activation of the NF-κB and mTOR Pathways. Binding of P-selectin to monocytes enhanced nuclear translocation of NF-κB and secretion of the chemokines MCP-1 and TNF-α in response to stimulation [7] . To study the effect of IELLQAR on the activation of monocytes, the phosphorylation status of IκBα and NF-κB p65 in PBMCs treated with P-selectin was assessed at different time points (0, 10, 20, 40, and 80 min). The results showed that P-selectin activated the NF-κB pathway with increased phosphorylation of IκBα and P65 and degradation of IκBα in a time-dependent manner (Figure 6(a) ). IELLQAR strongly inhibited the phosphorylation and degradation of the NF-κB p65 subunit at the background of P-selectin, and the inhibitory effect was dose-dependent ( Figure 6(b) ). With P-selectin stimulation of PBMCs, all inflammation-related cytokine genes were highly upregulated as compared with the control group. IELLQAR showed an inhibitory effect on the P-selectininduced expression of inflammation-related cytokine genes, while IELLQAR failed to suppress LPS-induced upregulation of IL-6, TNF-α, and MCP-1 (Figure 6(c) ).
PSGL-1 ligation in human monocytes induced mTOR signaling and mTOR blockade, which limited M1 polarization of monocytes [6, 21] . Analysis of the phosphorylation status of PI3K P85, Akt, and mTOR in PBMCs treated with P-selectin at different time points showed that the expression mice. Eight-week-old male ApoE-deficient mice randomized into four treatment groups, sham group, normal saline (NS), and two IELLQAR treatment groups (1 and 3 mg/kg), and fed a normal chow diet for 4 weeks. In PLCA surgery, three (left external carotid, internal carotid, and occipital artery) of the four branches of ApoE -/-mice were ligated, and only the superior thyroid artery was left to provide blood circulation. of PI3K/Akt/mTOR pathway proteins was increased by P-selectin treatment (Figure 7(a) ). Correspondingly, IELL-QAR inhibited the P-selectin-induced activation of the PI3K/Akt/mTOR pathway in PBMCs (Figure 7(b) ). Subsequently, we investigated whether IELLQAR directly inhibited the NF-κB or PI3K/Akt/mTOR pathways. When PBMCs were stimulated with LPS or TNF-α to activate NF-κB, IELLQAR failed to suppress the phosphorylation and degradation of the NF-κB p65 subunit (Figure 8(a) ). Interestingly, treatment with IELLQAR failed to inhibit the upregulated expression of the mTOR pathway proteins stimulated by the mTOR agonists MHY1485 and 3BDO (Figure 8(b) ). Together, these results indicated that IELL-QAR had inhibitory effects on the P-selectin-dependent NF-κB and PI3K/Akt/mTOR pathways in monocytes.
Discussion
The selectins, particularly P-selectin, have been shown to contribute to inflammatory diseases [11, 22] , thrombosis [23] , and cancer [24] . Therefore, the pharmacological blockade of the selectin/PSGL-1 interaction represents an important therapeutic target. In this study, a peptide analogue of selectin ligands was used to investigate the effect on atherogenesis and the mechanism underlying the inhibition of monocyte activation. The results showed that (1) IELLQAR inhibited the binding of P-, E-, and L-selectins to PBMCs and THP-1 cells and reduced the adhesion of these cells to the endothelium; (2) IELLQAR attenuated both WDT-and PLCA-induced atherosclerotic development in ApoE -/-mice; (3) IELLQAR inhibited monocyte infiltration of arterial lesions, particularly Ly-6C high monocytes; and (4) IELLQAR inhibited monocyte activation through P-selectin-dependent activation of the NF-κB and PI3K/Akt/mTOR pathways.
The initial tethering and rolling of monocytes over the vascular endothelium are dependent on interactions between selectins and the corresponding glycosylated ligands and are imperative to extravasate into the inflammatory lesions [25, 26] . Patients with inflammatory disorders typically have higher levels of activated platelets and endothelium displaying P-selectin, which subsequently increases platelet-leukocyte aggregation and leukocyte-endothelium adhesion, as well as greater amounts of soluble P-selectin in the peripheral blood [27, 28] . Our previous works showed that serum concentration of P-selectin was higher in coronary heart disease patients than normal individuals. In addition, P-selectin or PSGL-1 deficiency clearly attenuated the development of atherosclerosis when these mice were crossed into an ApoE -/-background, and monocyte infiltration was significantly reduced in double-deficient mice (unpublished data). Recent studies suggested that inhibition of P-selectin with either an anti-P-selectin or PSGL-1 can significantly decrease neutrophil and platelet adhesions, macrophage accumulation, and neointimal formation [29, 30] . Although antiselectin strategies have shown therapeutic value in clinical treatment, Abs tend to be relatively large molecules, and the shallow nature of the P-selectin ligand-binding sites can lead to poor pharmacokinetics [8] . Previous studies demonstrated that posttranslational glycosylation by glycosyltransferases is necessary for selectin ligand activity. Several glycosyltransferases, such as α2,3-sialyltransferases IV, α1,3-fucosyltransferases IV and VII, and core 2 β1,6-N-acetylglucosaminyltransferase-I, are considered to participate in the synthesis of core 2 decorated O-glycan structures carrying the tetrasaccharide sialyl Lewis X and the initiation of atherosclerotic lesions [31] [32] [33] . Thus, an alternative approach is to reduce the cell surface of functional PSGL-1, in particular sLeX. To date, attempts to inhibit the biosynthesis of sLeX have been accomplished by interfering with functional glycosylation sites of sLeX to inhibit galactosylation [34] , sialylation [35] , and fucosylation [36] . IELLQAR, a peptide analogue of selectin ligands, potently blocks binding to the natural selectin ligand sLeX with substantially high affinity, with an IC 50 value of 10 -5 M [13] . The results of the present study confirmed that IELLQAR potently blocks binding to the natural selectin ligand sLeX in a dose-dependent manner to inhibit the binding of the P-, E-, and L-selectins to monocytes, with the highest inhibition against P-selectin binding to PBMCs (IC 50 :~5 μM) and THP-1 cells (IC 50 :~10 μM).
P-Selectin induced the β2 integrin to adopt an extended conformation associated with the intermediate affinity state, which supports leukocyte deceleration and cell arrest in the endothelium [5, 37] . The binding of integrins to CAMs promotes further adhesion and signal transmission. As predicted, P-selectin enhanced the expression of CD11b on the surface of monocytes in this study, while IELLQAR remarkably decreased this effect. In the following adhesion assays, IELLQAR attenuated P-selectin-induced adhesion to the endothelium. The MCP-1/CCR2 axis plays a key role in Figure 7 : (a, b) IELLQAR inhibited monocyte activation by P-selectin-dependent activation of the PI3K/Akt/mTOR pathways. PBMCs were treated as described in Figure 6 , and the expression levels of total and phosphorylated PI3K P85, Akt, and mTOR were determined by Western blot. Data are presented as the mean ± SEM (n = 3). * p < 0 05, * * p < 0 01, and * * * p < 0 001.
the initial adhesion of monocytes to the endothelium. Previous studies of hypercholesterolemic mice lacking ApoE or the low-density lipoprotein receptor have suggested a role of MCP-1 in monocyte recruitment to early atherosclerotic lesions [38, 39] . We found that treatment with IELLQAR decreased monocyte infiltration of the arterial wall, which may have resulted from decreased expression levels of MCP-1, CCR2, and ICAM-1. Western blots showing the expression levels of total and phosphorylated mTOR. The intensities of the protein bands were quantified and are presented as the ratio of phosphorylated protein/total protein after normalization to GAPDH. Data are presented as the mean ± SEM (n = 3). * p < 0 05, * * p < 0 01, and * * * p < 0 001.
Monocyte and macrophage phenotypes are highly heterogeneous and undergo phenotypic changes. Classical activation, such as LPS or ox-LDL, promotes a proinflammatory (M1-like) response, including the secretion of proinflammatory cytokines, which is a pivotal process in the development of atherogenesis [2, 4] . Thus, inhibition of monocyte activation is a powerful therapeutic target for the prevention and treatment of atherosclerosis. NF-κB is a key regulator of monocytes in systematic inflammation, as with atherosclerosis [40] . Our previous study suggested that PSGL-1 ligation of dendritic cells by P-selectin markedly induced phenotypic maturation and enhanced secretion of inflammatory cytokines and communication with T cells (unpublished data). Recent studies have reported that the mTOR inhibitor inhibited MCP-1 expression and macrophage accumulation, as well as decreased the size of the atherosclerotic lesion. Interestingly, Gao et al. reported that the activation of mTOR mediated NF-κB activation in monocytes and upregulated the production of inflammatory factors in patients with coronary heart disease [41] . The results of the present study showed that P-selectin induced expression of IL-1β, MCP-1, and TNF-α and activation of the NF-κB and mTOR pathways in monocytes. In contrast, the selectin inhibitor IELLQAR markedly reversed these effects. Furthermore, IELLQAR decreased the amount of inflammatory Ly-6C high monocytes and the associated proinflammatory cytokines IL-6, TNF-α, and IL-1β. Notably, IELLQAR administration failed to inhibit both LPS-and TNF-α-induced NF-κB activation, while MHY1485 and 3BDO induced mTOR activation, as well as the expression of associated cytokines. Together, these results suggested that IELLQAR could not directly inhibit activation of the NF-κB and mTOR pathways, while P-selectin attenuated the activation of these pathways. However, the mechanism in which the P-selectin inhibitor IELLQAR attenuates NF-κB and mTOR activation remains unclear; thus, further investigations are required to address this hypothesis.
Conclusion
In summary, we reported that the IELLQAR peptide analogue of selectin ligands with high inhibitory effect on P-selectin binding to monocytes (PBMCs: IC 50~5 μM; THP-1 cells: IC 50~1 0 μM) is an efficient selectin inhibitor that can inhibit the capacity of monocytes to adhere to the endothelium. Importantly, IELLQAR attenuated atherosclerotic development and monocyte infiltration in both WDT-and PLCAinduced atherosclerosis in ApoE -/-mice. Also, IELLQAR attenuated P-selectin-induced activation of the NF-κB and mTOR pathways, as well as the expression of proinflammatory cytokines. Hence, use of the IELLQAR peptide provides a new approach and represents a promising candidate for the treatment of atherosclerosis in the early stage of disease.
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